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We report the thermal conditions that induce the heat shock response in Neisseria gonorrhoeae. Under
conditions of thermal stress, Neisseria gonorrhoeae synthesizes heat shock proteins (hsps), which differ
quantitatively from conventionally studied gonococcal proteins. Gonococci accelerate the rate of synthesis of
the hsps as early as 5 min after the appropriate stimulus is applied, with synthesis continuing for 30 min, as
demonstrated by in vivo labeling experiments with L-[35S]methionine. Two of the gonococcal hsps are
immunologically cross-reactive with the hsps of Escherichia coli, DnaK and GroEL, as demonstrated by
Western blot (immunoblot) analysis. Ten hsps can be identified on two-dimensional autoradiograms of whole
gonococci (total protein). Four hsps can be identified on two-dimensional autoradiograms of 1% N-
lauroylsarcosine (sodium salt) (Sarkosyl)-insoluble membrane fractions. Two of the hsps from the 1%
Sarkosyl-insoluble fraction are found exclusively in this fraction, suggesting that they are membrane proteins.
The identification of this group of proteins will facilitate further study of the function of these proteins and
provide insight into the possible role of hsps in disease pathogenesis.
The heat shock response is a cellular response to stress
that is characterized by increased synthesis of certain pro-
teins that are normally synthesized at lower rates during
nonstress conditions. The rate of synthesis may increase 10-
to 100-fold over the basal levels of synthesis during a short
interval, i.e., 5 to 10 min (8, 13, 20). In the course of the
response, synthesis of other proteins may be reduced or,
occasionally, stopped (8, 13, 20).
The heat shock response has been found in a wide range of
eucaryotic and procaryotic cell types that have been ana-
lyzed specifically for this response. The heat shock response
was described originally in relation to thermal stress, but
subsequently some of the heat shock proteins (hsps) have
been shown to be inducible by a wide variety of other
stresses, e.g., low pH and oxidizing agents (8, 13, 20). The
functions of many of these proteins are not known, but this
stress-induced response is thought to protect against adverse
environmental conditions. For instance, heat shock re-
sponse occurs in mammalian cell culture systems that have
been exposed to certain gene products of viruses such as
adenovirus and herpes simplex virus (21, 22). Some hsps are
surface exposed. A recent report indicates that a cell surface
tumor-specific transplantation antigen is a heat shock-related
protein (25). hsps are necessary for DNA replication of the
Escherichia coli bacteriophage lambda (9). The hsp GroEL
of E. coli has recently been shown to be a "chaperone"
protein that may facilitate membrane translocation of both
secreted proteins, such as ,-lactamase, and outer membrane
proteins, such as pro-OmpA (4, 12).
The relationship of hsps of pathogens to the disease
process is less clear. A recent report has indicated that the
65,000-molecular-weight protein of Mycobacterium tubercu-
losis, which stimulates antibody production during natural
infection and is associated with the induction of adjuvant
arthritis in rats, is an hsp (27, 28).
The parasitic protozoans Trypanosoma brucei and Leish-
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mania major, when shifted from 25°C to 37°C under in vitro
conditions, which mimics thermal conditions encountered
by the parasites during transmission from invertebrate host
of mammalian host, exhibit the heat shock response during
the differentiation process to the mammal-adapted form.
These hsps may play a role in differentiation of these
parasites in vivo (26).
Theoretically, a similar response might occur in gonococci
and other pathogens prior to and during environmental
stresses of breaching host defenses to establish infection to
become facultative intracellular parasites (17, 18). Thermal
stress is but one of many inducers of the heat shock
response, which results in preferential overproduction of
this class of proteins. In the studies reported here, thermal
stress was chosen as the type of stress to induce the heat
shock response in the gonococcus because it can be pre-
cisely controlled and reproduced.
MATERIALS AND METHODS
Growth conditions and gonococcal strains. Transparent and
opaque gonococcal strains F62, MS11, and R10 and clinical
isolates 192A1, VU1221, RDH40, RDH68 (disseminated
gonococcal infection strain, 1-lactamase positive), and RDH
88 were initially grown for 16 to 22 h on clear typing medium,
"GC + Iso agar" (11) (GC agar [Difco] + 2% [vol/vol]
IsoVitaleX [BBL Microbiology Systems]), at 36°C with 3%
CO2 in a highly humidified atmosphere containing air. Col-
onies were then inoculated into a chemically defined minimal
medium described previously (11), except that it lacked
methionine and was supplemented with a 50 ,uM concentra-
tion of each of the amino acids except methionine. This
minimal medium, after inoculation with gonococci, was
incubated for 6 to 8 h at 35°C with shaking at 180 rpm in air.
Gonococci were used in subsequent experiments when in log
phase (ca. 5 x 107 bacteria per ml), as determined by colony
count. Gram staining was used to test the purity of cultures.
Growth conditions and E. coli strains. E. coli strains
JM103, DH1, HB101, and Q358 were initially grown on LB
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agar (15). Gonococcal minimal medium lacking methionine
was used as the liquid growth medium. Log-phase organisms
grown at 35°C with shaking in air were used in subsequent
experiments.
Induction of heat shock response. A range of temperatures,
i.e., 42 to 46°C, was initially selected to establish the
optimum temperature for induction of the heat shock re-
sponse in gonococci. Control cultures were radioactively
labeled at 35°C. Thereafter, in individual experiments a
chosen water bath temperature (44.5°C) was maintained
during the period of induction and labeling of gonococcal
proteins with radioactive methionine as described below.
The criterion for optimum response to thermal induction was
increased production of selected proteins, with decreased
synthesis of some other gonococcal proteins. An internal
reference protein whose level of synthesis was not apprecia-
bly altered at the temperatures used served as a control for
comparing rates of synthesis under heat shock and non-heat
shock conditions. The difference in the levels of protein
synthesis was readily apparent upon comparison of autora-
diograms of control (35°C) and test (42 to 46°C) lanes
containing equal amounts of gonococcal proteins separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and subjected to autoradiography. The
Lowry method was used to monitor protein concentrations
(14).
E. coli strains were induced to produce hsps at 42.5°C.
Controls were labeled at 35°C.
Radioactive labeling of gonococcal proteins and E. coli
proteins. New protein synthesis in the gonococcus at 35°C
and during thermal stress was examined by adding L-
[35S]methionine (Amersham) at 10 ,uCi/ml of methionine-free
minimal medium (10) during specified time intervals after
exposure to thermal stress. Radioactive labeling of control
specimens was done at 35°C but in an otherwise identical
fashion during identical time intervals. Unless otherwise
stated, gonococcal proteins and E. coli proteins were labeled
with radioactive methionine for 10 min during the time
interval 5 through 15 min after the imposition of thermal
stress. This time interval was chosen because of the known
time course of the heat shock response with E. coli (20) and
was subsequently established for gonococci. Radioactive
labeling of proteins was stopped by the addition of a
>10,000-fold excess of nonradioactive methionine to the
minimal medium cultures, otherwise free of nonradioactive
methionine, followed by centrifugation in a microcentrifuge
(Eppendorf) at 12,500 x g for 2 min. The supernatant was
removed, and the gonococci were suspended in an appropri-
ate buffer for subsequent steps. Samples of supernatants
were precipitated with trichloroacetic acid (10% [wt/vol]
final concentration) and saved.
SDS-PAGE and isoelectric focusing. After the cells were
pelleted, they were lysed in SDS sample buffer (10) (10%
[vol/vol] glycerol, 5% 2-mercaptoethanol, 3% SDS, 0.0625 M
Tris chloride [pH 6.8]) and frozen at -20°C until SDS-PAGE
was performed. All samples were boiled for 5 min prior to
SDS-PAGE. Gonococcal proteins that were to be resolved
by two-dimensional (2-D) gel electrophoresis (isoelectric
focusing followed by SDS-PAGE) were lysed in 2-D lysis
buffer (23) (5.7 g of urea, 2 ml of 10% Nonidet P-40 [Shell],
0.5 ml of 2-mercaptoethanol, 0.4 ml of ampholines [pH
range, 5 to 7] [Pharmacia, Inc., Piscataway, N.J.], 0.1 ml of
ampholines [pH range, 3 to 10] [Pharmacia], 1.7 ml of
distilled H20) and frozen at -20°C until processed for
isoelectric focusing. SDS-PAGE (12.5% polyacrylamide)
was carried out by the method of Laemmli (10). Isoelectric
focusing was done by the method of O'Farrell (23) for a
duration of 8,000 V h. The gels were dried in a gel-drying
apparatus (Bio-Rad Laboratories, Richmond, Calif.) at 60°C
in a vacuum for 2 h. The gels were exposed to Kodak XAR-5
film at room temperature for 16 h to 96 h. Protein molecular
weight markers were from Sigma Chemical Company, St.
Louis, Mo., and Amersham Corp., Arlington Heights, Ill.
(Rainbow Markers).
Radioactive pulse-labeling of proteins. In order to establish
the time course of the heat shock response in relation to
thermal stress, identical sets of 1-ml cultures of log-phase
gonococci in minimal medium lacking methionine were
processed in the following fashion. One set was maintained
at 35°C during the experiment. The second set was shifted to
44.5°C at time zero. One-milliliter portions were radioac-
tively labeled for 5 min each with radioactive L-
[35S]methionine (50 ,uCi) at 5-min intervals over a time
course of 50 min. Radioactive labeling of gonococcal pro-
teins was stopped by adding 10 volumes of ice-cold acetone
and by placing the portions on ice. This method of stopping
the radioactive labeling of gonococcal proteins was chosen
because it instantaneously halts protein synthesis, insolubi-
lizes proteins, and is technically easy to perform when
processing samples in rapid succession. The samples were
centrifuged at 4,000 x g for 10 min, and the supernatant was
discarded. The pellet was subsequently washed twice in
acetone. Residual acetone was removed by vacuum evapo-
ration, and samples were dissolved in SDS sample buffer and
stored at -20°C as described above until examined by SDS-
PAGE.
Preparation of Sarkosyl-insoluble membrane fractions.
Outer membranes of gonococci were prepared by Sarkosyl
extraction in the following manner (7, 9). Log-phase gono-
cocci in gonococcal minimal medium (125 ml) were radiola-
beled with L-[35S]methionine for 10 min at 35 or 44.5°C as
described above, followed by the addition of excess unla-
beled L-methionine. The gonococci were centrifuged at
12,000 x g for 10 min at 4°C. The pellets were then
suspended in 10 ml of 10 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) contain-
ing 0.1% (vol/vol) protease inhibitor (10 mM phenylmethyl-
sulfonyl fluoride [PMSF] in isopropanol). The cells were
disrupted by vortexing with 150-,um-diameter glass beads for
2 min on a Vortex genie at the maximum setting. Subse-
quently, sonication with a Branson sonifier (setting, 3; duty
cycle, 50%; duration, 2 min, on ice) was used to further
disrupt the cells, followed by incubation with DNase I (40
,ug/ml)-RNase (40 ,ug/ml) in 1 mM MgCl2 at 37°C for 15 min.
Centrifugation at 3,000 x g for 10 min at 4°C was performed
to remove cell debris, and the supernatant was subjected to
centrifugation (20 min at 100,000 x g, 4°C) to pellet the
membrane fraction. The pellet was resuspended in HEPES
buffer-PMSF and subjected to centrifugation (60 min at
100,000 x g, 40C). The remaining membrane pellet was
resuspended in HEPES buffer-PMSF to a concentration of
1% (wt/vol) N-lauroylsarcosine (Sarkosyl) for 10 min at
room temperature. The Sarkosyl-insoluble fraction was sed-
imented at 100,000 x g for 60 min at 40C and washed in
HEPES buffer-PMSF. A final centrifugation was performed
(100,000 x g for 60 min at 40C). The membrane pellet was
resuspended in HEPES buffer-PMSF and stored at -200C
until used. Aliquots of whole, radioactively labeled gono-
cocci were saved and frozen prior to membrane preparations
for subsequent comparison with membrane fractions. Gono-
coccal protein concentrations were determined by the
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method of Lowry et al. (14). The method of Bradford (2) was
used to determine the protein concentration of E. coli DH1.
Lactate dehydrogenase analysis was used to assay the
purity of Sarkosyl membrane preparations (3).
Preparation of E. coli proteins and rabbit polyclonal anti-
serum. The DnaK and GroEL proteins of E. coli, with
molecular weights of 70,000 and 66,000, respectively, have
previously been isolated and purified, and polyclonal rabbit
antisera have been raised against them (6, 29). Serum was
obtained from rabbits prior to immunization for subsequent
testing in Western blots (immunoblots) as a negative control.
Immunoblotting. Western blots of gonococcal antigens
were prepared by standard techniques (5).
Purification of proteins following 2-D PAGE. For the pur-
pose of immunological identification of individual gonococ-
cal polypeptides from 2-D polyacrylamide gels, the following
method was used. Purification of selected (nonradioactive)
gonococcal proteins from 2-D gels was accomplished by
excising the appropriate protein spots from Coomassie blue-
stained gels with a Pasteur pipette. The protein of interest
was contained in a 1-mm3 polyacrylamide plug. The proteins
were removed from these plugs by direct insertion of plugs
into individual wells of SDS-polyacrylamide gels. SDS sam-
ple buffer was added to the well prior to electrophoresis, and
proteins were directly electroeluted from the polyacrylamide
plugs into the SDS-polyacrylamide gel.
Immunoprecipitation. Equal amounts of radioactively la-
beled protein from heat-shocked and non-heat-shocked
gonococcal (RDH68) and E. coli (DH1) proteins were solu-
bilized in 0.5% SDS-0.5% 2-mercaptoethanol at 95°C for 5
min (1). These extracts were centrifuged for 60 min at 18,000
rpm in a Beckman JA-20 rotor at 4°C, and the supernatants
were diluted twofold and adjusted to 1% Triton X-100-1%
deoxycholate-100 mM NaCl. Samples were immunoprecip-
itated with a 1/10 volume of anti-DnaK serum for 90 min on
ice. The immunoglobulin-antigen complexes were precip-
itated with a 10% suspension of Formalin-fixed Staphylococ-
cus aureus (Cowan strain I; Sigma Chemical Co.) and
pelleted at 10,000 rpm for 1 min in a JA-20 rotor. The pellets
were washed twice in 50 mM Tris hydrochloride (pH 7.4)-
150 mM NaCl-1% sodium deoxycholate-1% Triton X-100-
0.1% SDS and heated in SDS buffer at 95°C for 2 min.
Following centrifugation at 10,000 rpm in a Beckman JA-20
rotor, the supernatants were electrophoresed on SDS-poly-
acrylamide gels. Gels were dried and exposed to Kodak
XAR-5 film as previously described.
RESULTS
Optimal temperature for hsp induction. The optimal tem-
perature of the water bath for the induction of the heat shock
response for the Neisseria gonorrhoeae clinical isolates
RDH40, RDH68, RDH88, and R-10 was found to be 44.5°C.
The actual temperature of the culture was 43.5°C. Other
gonococcal strains were optimally induced with water bath
temperatures between 44.0 and 44.5°C. It should be noted
that the thermal conditions that are optimal for induction of
the heat shock response may vary slightly with each strain
and have to be determined individually, although the differ-
ences appear to be slight. The data presented are mainly
those obtained with strains RDH40 (urethral isolate) and
RDH68 (disseminated gonococcal infection isolate from ajoint) but are representative of results obtained with similar
experiments performed with gonococcal strains R10, F62,
and MS11 and clinical isolates 192A1, VU1221, and RDH88.
The quantitative differences in new protein synthesis be-
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FIG. 1. (Panel 1) Autoradiogram of equal amounts of gonococcal
proteins (50 ,ug) in lanes A and B from gonococcal strain RDH40.
Lane A, Total protein labeled with radioactive methionine at 35°C;
lane B, total protein labeled with radioactive methionine at 44.5°C.
(Panel 2) Lane A', 50 ,ug of 1% Sarkosyl-insoluble extracts, labeled
at 35°C; lane B', 50 ,ug of 1% Sarkosyl-insoluble extracts, labeled at
44.5°C. 4, Proteins synthesized at rates increased over basal levels.
Protein molecular weight markers (14C-labeled Rainbow Markers;
Amersham) are as follows: a, 200,000; b, 92,500; c, 69,000; d,
46,000; e, 30,000; f, 22,500; and g, 14,300.
tween thermally stressed and nonstressed gonococci are
visually apparent when autoradiograms of SDS-polyacryl-
amide gels are compared. Supernatants of centrifuged whole
gonococci were precipitated with trichloroacetic acid, and
no radioactive proteins were demonstrated. Figure 1 is an
autoradiogram of an SDS-PAGE gel of gonococcal strain
RDH40. Each lane contains 50 ,g of protein, as determined
by the Lowry method. Samples of total protein (panel 1) are
in lanes A (35°C) and B (44.5°C). Samples of the 1%
Sarkosyl-insoluble fractions (panel 2) are in lanes A' (35°C)
and B' (44.5°C). Consistent findings among gonococcal
strains tested, when total protein is considered, are the
presence of increased levels of new protein synthesis of the
hsps designated gonococcal hsps 1, 2, 3, and 4, with virtually
identical molecular weights. Additionally, 2-D PAGE auto-
radiograms of the gonococcal strains are also virtually iden-
tical. These four proteins were confirmed on subsequent 2-D
gels (Fig. 2). The 1% Sarkosyl-insoluble preparations of
outer membrane proteins in Fig. 1 (panel 2) demonstrate the
presence of three hsps, namely, gonococcal hsps 3, 4, and
11, which can be identified on subsequent 2-D gels (Fig. 2
and 3). Consistently found in the heat-shocked lanes of 1%
Sarkosyl-insoluble preparations are the two doublets shown
in lane B' at molecular weights of 92,000 and 15,000.
However, because we are not yet certain of their behavior in
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FIG. 2. (A) Autoradiogram of 2-D PAGE of 100 ,ug of total
gonococcal proteins from strain RDH40 at 35°C as described in
Materials and Methods. V, hsps synthesized at the basal levels of
protein synthesis. Molecular size markers a to g are as described in
the legend to Fig. 1. From left to right the pH gradient changes from
basic to acidic for this and subsequent 2-D gels. The protein labeled
r is an internal reference protein. (B) Autoradiogram of 2-D PAGE
of 100 jig of total gonococcal proteins from strain RDH40, labeled
between 5 and 15 min following the shift to 44.5°C. V, hsps showing
an accelerated rate of protein synthesis during this time interval.
2-D gels (they could represent composite images of several
proteins of nearly identical mobility), we have not assigned
numbers to them.
Figure 2, a 2-D autoradiogram of total protein of non-
heat-shocked gonococci of strain RDH40 (panel A) and
heat-shocked gonococci (panel B), demonstrates the pres-
ence of additional hsps that cannot be consistently resolved
by SDS-PAGE in one dimension only. These hsps are
designated gonococcal hsps 1 to 10. The protein designated
as "r" is used as an internal reference comparison control.
This protein is found in both total-protein and 1% Sarkosyl-
insoluble preparations, and its rate of synthesis is not
significantly altered at the temperatures used in these exper-
iments.
Figure 3, a 2-D autoradiogram of 1% Sarkosyl-insoluble
proteins of non-heat-shocked gonococci of strain RDH40
(panel A) and heat-shocked gonococci (panel B), demon-
strates the consistent presence of four hsps, two of which,
i.e., gonococcal hsps 3 and 4, are found in the 2-D gel
FIG. 3. (A) Autoradiogram of 2-D PAGE of 100 tg of 1%
Sarkosyl-insoluble outer membrane fraction of gonococcal strain
RDH40, at 35°C and labeled as described in Materials and Methods.
V, hsps. Molecular size markers a to g are as described in the legend
to Fig. 1. (B) Autoradiogram of 2-D PAGE of 100 p.g of 1%
Sarkosyl-insoluble outer membrane fraction of RDH40 labeled at
44.5°C between 5 and 15 min following the shift to 44.5°C. V, hsps.
autoradiograms of extracts shown in Fig. 2. In addition, two
new hsps are visible in this preparation (Fig. 3), designated
gonococcal hsps 11 and 12, whose presence is not clearly
seen in Fig. 2. Of these four hsps, gonococcal hsp 3 is not as
enriched in amount as the other 1% Sarkosyl-insoluble hsps
appear to be. A possible explanation for this will follow in
the Discussion.
In an effort to identify as many gonococcal hsps as
possible, we compared hsps of E. coli with those synthesized
by the gonococcus by using identical gel conditions foi -irst
and second dimensions (16). The 2-D mobilities of the -oli
hsps DnaK, GroEL, GrpE, and GroES were found '!uo be
almost identical to those of the gonococcal hsps 2, 3, 5. mnd
6, respectively. This finding suggests that these four protQb:ins
may have been conserved between species. To be absolutely
certain of the correspondence of these gonococcal proteins
to those of E. coli, one cannot simply rely on their relative
mobilities in one-dimensional and 2-D gels. One available
method is that of Western blotting analysis. Such evidence
for the relatedness of two of these proteins follows.
Antigenic relatedness of hsps in different microorganisms.
Because hsps are widely conserved in nature, we chose to
examine the antigenic cross-reactivity between two hsps of
E. coli, DnaK and GroEL. Western blot analysis of the
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FIG. 4. (A) Western blot using rabbit antisera against the DnaK
protein of E. coli, detected with 1251I-labeled staphylococcal protein
A. Extracts from E. coli strains HB101 and Q358 are shown in lanes
a and b, respectively, and extracts from N. gonorrhoeae strains
R10, MS11, F62, 192A1, and VU1221 are shown in lanes c to g,
respectively. All bacterial extracts shown in these two panels were
from cultures grown continuously at 35°C. (B) Western blot of
protein samples corresponding to those used in panel A, but
produced by using rabbit antisera against the GroEL protein of E.
coli, detected with 125I-labeled staphylococcal protein A.
proteins from E. coli and from several gonococcal strains
(Fig. 4) was performed with immune polyclonal rabbit sera
raised against purified DnaK (panel A) and GroEL (panel B)
proteins of E. coli (6, 29). All strains used in Fig. 4 were
grown at 35°C and were not heat shocked. Preimmune rabbit
antisera were not reactive with the E. coli and gonococcal
strains tested. Western blot analysis revealed that the anti-
DnaK antibody reacts with the 70,000-molecular-weight
protein of E. coli and with proteins having the same molec-
ular weight from each of the gonococcal strains tested (R10,
MS11, F62, 192A1, and VU1221) (panel A). The additional
bands in lane A (panel A) probably represent breakdown
products of the DnaK protein of E. coli HB101. This was
particularly pronounced as the sample aged after several
freeze-thaw cycles. Freshly prepared samples showed a
single antigenically reactive protein at a mobility of 70,000
molecular weight. Figure 4B, which uses the same strains as
in Fig. 4A, shows a similar degree of antigenic cross-
reactivity with GroEl antibody with a protein of approxi-
mately 66,000 molecular weight.
Immunoprecipitation with anti-DnaK antibody demon-
strated that the antibody was directed against the hsps (Fig.
5). The DnaK antibody precipitates a gonococcal protein
from lane H (heat shock extract) that has been synthesized at
a rate increased over that of basal synthesis (lane G). The
immunoprecipitation reactions of E. coli DnaK protein un-
der heat shock conditions (lane J) and basal conditions (lane
I) are shown as controls. No significant immunoprecipitation
was apparent for the 0.2% Sarkosyl-insoluble preparation
used for this experiment.
Gonococcal hsp 1 was shown to be the protein immuno-
reactive with antibody to the DnaK protein of E. coli when
protein spots from non-radioactively labeled gonococcal
proteins were separated by 2-D PAGE. Individual protein
spots were removed from 2-D gels as described above.
Western blots using antibody to DnaK confirmed that gono-
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FIG. 5. Autoradiogram of immunoprecipitation using DnaK
antisera. Lanes A (350C) and B (44.50C) contain 10 ~±g of RDH68
total protein. Lanes C (350C) and D (42.50C) contain 5 jig of E. ccli
DH1 total protein. Lanes E (350C) and F (44.50C) contain the
immune precipitate from 50 jig of starting material from a 0.2%
Sarkosyl-insoluble fraction of an RDH68 extract. Lanes G (350C)
and H (44.50C) contain the immune precipitate from 50 jig of starting
material from RDH68 whole-cell extract. Lanes I (350C) and J
(42.50C) contain the immune precipitate from 10 p.g of starting
material from E. coli DH1 whole-cell extract.
coccal hsp 1 was the immunoreactive protein shown in Fig.
4A (data not shown). In an identical fashion, gonococcal hsp
3 was shown to be the GroEL equivalent.
Time course of the stress-induced protein response. The
results of a typical time course experiment indicated that
synthesis of gonococcal hsps occurs as early as 5 min
following thermal induction and continues for up to 30 min
postinduction. Few newly radioactively labeled proteins
were apparent from 35 to 65 mmn post-thermal induction at
44.50C (data not shown).
DISCUSSION
To develop immunologic and other means of intervening
in infectious diseases, many investigators have examined the
molecular structure of pathogenic microorganisms in an
attempt to determine which molecules are associated with
virulence. These types of investigations may provide infor-
mation that will be useful in identifying as vaccine candi-
dates molecules used by pathogenic microorganisms to
cause disease. Most previous laboratory investigations of
gonococci have been done under nonstress growth condi-
tions at 370C by using enriched media. Two notable excep-
tions to this mode have been reported. When gon'ococci are
grown under conditions of low iron concentrations, produc-
tion of membrane-associated iron-binding proteins is in-
duced (19). These proteins appear to elicit an antibody
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response during natural infection but do not appear to be
present when gonococci are grown on enriched iron-supple-
mented medium, which is typically used for the growth of
gonococci in vitro. When gonococci are grown under anaer-
obic conditions, at least three proteins, Pan 1 to Pan 3, are
induced (7).
As demonstrated here, stress of a physical (thermal)
nature induces increased synthesis of hsps in gonococci.
Four of these proteins appear to be associated with the 1%
Sarkosyl-insoluble membrane fraction, as judged by 2-D
PAGE. hsp 3 is not recovered in proportional amounts in the
1% Sarkosyl-insoluble preparations, which typically in-
crease representation of other known outer membrane pro-
teins such as gonococcal protein 1 (data not shown). Recent
reports have demonstrated that GroEL, a cytoplasmic hsp,
is a chaperone protein that maintains precursor proteins in a
competent conformation for translocation across mem-
branes either to be assembled in the outer membrane
(OmpA) or to be secreted (P-lactamase) (4, 12). The pres-
ence of gonococcal hsp 3 (the GroEL equivalent), which is
presumably a cytoplasmic protein, in the 1% Sarkosyl-
insoluble fraction may be the result of its association with
proteins transported across the cytoplasmic membrane.
That four of these hsps are found in the 1% Sarkosyl-
insoluble fraction indicates that they have the potential to
interact with genital mucosal cell surfaces and with the
immune system. We are currently investigating this possi-
bility. The induction of synthesis of this class of proteins in
response to thermal stress is very rapid, which could be
advantageous to a mucosal pathogen if stresses are sufficient
to induce this response in vivo. Gonococcal hsps have not
been thoroughly characterized, and their function in the
gonococcus or role, if any, in disease pathogenesis had not
been elucidated.
While the thermal conditions (44.0 to 44.5°C) which were
determined to induce the synthesis of these stress-induced
proteins in gonococci are not particularly clinically relevant,
many other stresses of a physical and chemical nature
(viruses, oxidizing agents, and reducing agents) have been
shown to induce the same type of protein synthesis response
in a diverse group of cell types (8, 13, 20-22). It is possible
that the types of stresses that the gonococcus survives on
mucosal surfaces, i.e., the contents of polymorphonuclear
cells and the acidic vaginal pH, could theoretically induce
production of a class of proteins that protects it from further
stress and enhances its survival as a facultative intracellular
parasite. That these hsps are important to the survival of
gonococci and other microorganisms is suggested by their
having been highly conserved in evolution. The observation
that some hsps appear to have common antigenic determi-
nants among bacterial species and strains makes their con-
sideration as vaccine candidates of particular interest (28).
This study should provide a basis for further investigation
into the physiologic and potentially pathogenic role of gono-
coccal hsps during experimental infection in organ culture
and cell culture systems and in natural infection.
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